The purpose of this study is to examine a new method to obtain fine bamboo fibers (fiber bundles), which are used to reinforce thermoplastics instead of glass fibers. The tensile strength of FRTP was also examined using polypropylene as the matrix and bamboo fibers as the reinforcement. In this study, two types of bamboo fibers were used. One was mechanically extracted fiber (crushed fiber) while the other was steam explosion fiber. These fibers were frozen in a freezer or liquid nitrogen in order to decrease only their diameter. By freezing bamboo fibers, some soft cells sticking on the fiber surface were well removed, but we could not reduce fiber diameter due to freezing even at cryogenic temperature. It is found that a satisfactory tensile strength of FRTP using bamboo fibers can be achieved when fine bamboo fibers smaller than 120 µm in diameter are used for injection molding.
Introduction
Fiber reinforced thermoplastics (FRTP) have a high specific strength and stiffness. They are widely applied to electric appliances and car components. Mainly glass fibers and carbon fibers are used to reinforce FRTP. However, both GFRTP (Glass Fiber Reinforced Thermoplastics) and CFRTP (Carbon Fiber Reinforced Thermoplastics) may cause much damage to the environment. Therefore, the public eyes are focused on natural plant fibers, because they are friendly to the environment when they become waste. We focus especially on bamboo fibers among many useful plant fibers because they have a potential to improve the mechanical properties of FRTP instead of glass fibers, and bamboo can grow up very quickly. In our previous studies (1) , (2) , we found the aspect ratio of bamboo fibers, moisture absorption and fiber dispersion were important factors when bamboo fibers were used as the reinforcement of FRTP. However, the adhesion between matrix and fibers is too weak to obtain satisfactory mechanical properties of FRTP. One of problems accompanying injection molding is fiber breakage caused by the screw. The other problem associated with crushing fibers is the short fiber length; they eventually become powder when bamboo fibers are mechanically over-processed.
The goal of this study is to improve the tensile strength of bamboo fiber reinforced thermoplastics fabricated by injection molding. Therefore, we try a new method to decrease diameter of bamboo fibers (fiber bundles) by freezing bamboo fibers in a freezer or liquid nitrogen without sacrificing their length.
Experiment

1 Bamboo fibers
In this study, we use two types of bamboo fibers (actually, they are fiber bundles). One is mechanically extracted fiber (crushed fiber) while the other is steam explosion fiber. These fibers are later frozen in either a freezer or liquid nitrogen.
1. 1 Mechanically extracted fibers (Crushed fibers)
Mechanically extracted fibers from raw Chinese bamboo are now commercially available, which are import from China. Thin bamboo strips are firstly scratched by a rotating roter having a lot of nail to extract fibers. Then, they are separated according to fiber diameter using a shifting machine in our laboratory. Diameters of fibers we used are 210 -425 µm ( Fig. 1 (a) ) and 125 -210 µm (b). We also use powder-like fine fibers. Their diameters is from 40 µm to 120 µm (c).
1. 2 Steam explosion fibers
We took raw Chinese bamboo from the backyard of our campus. They are firstly split into several pieces whose length are about 1 m. They are put into a chamber filled with over-heated steam at 175
• C. The steam pressure is about 0.7 MPa. The bam- boo strips are kept in the chamber for 1 hour, then the steam pressure is quickly released. At that time, microexplosions occur in the soft cells of bamboo. The chamber is refilled with over-heated steam and several minute later the pressure is again released. We repeat this cycles 10 times. After the steam explosion process, we flush the steamed bamboo strips in water to separate bamboo fiber bundles which const of more than one hundred monofilaments ( Fig. 1 (d) ). Bamboo fiber bundles are simply refereed to as fibers in the later section in this paper.
2 How to freeze bamboo fibers
The diameter of bamboo fibers is as large as 0.5 mm even if they are extracted mechanically or by steam explosion. When we apply an additional impact force to extracted bamboo fibers in the transverse direction in order to make them finer, bamboo fibers are simultaneously damaged. Namely, they become short. We have little chances to reduce their diameter as long as we apply an impact force without damage.
During winter, sometimes we happen to see some woods are split due to cold weather. Namely, the moisture in woods is frozen, and the resultant ice inside the woods expands its volume. Such volume expansion must be a driving force to longitudinally split woods into pieces. In order to expect that bamboo fibers are longitudinally split, we try to freeze previously extracted fibers by a commercially available freezer or putting them in liquid nitrogen.
Bamboo fibers are put in a freezer for 72 hour. The temperature is −85
• C. Bamboo fibers are alternatively put in liquid nitrogen for 20 min. In this case, the temperature is as low as −196 • C. Then, they are warmed under the laboratory condition. All bamboo fibers have been kept under a non-air conditioned room (20 -30
RH for more than one week before they are frozen.
3 Tensile tests
We measure the diameter of bamboo fibers using an optical microscope. The cross sectional area for each bamboo fiber is estimated by assuming the fiber cross section is almost circular. The tensile strength of bamboo fibers are measured using a SHIMADZU EZ tester. Here, the distance between two gauge marks is 5 mm and the test speed is 1 mm/min.
In order to examine the tensile strength of FRTP using bamboo fibers as the reinforcement and polypropylene (PP) as the matrix, test samples are fabricated by injection molding. Here, fiber weight fraction is 30%. Bamboo fibers are directly supplied from the hopper of a molding machine with corresponding weight PP pellets as well as 1 wt% maleic anhydride PP (MAPP: San-yo Kasei Co., Ltd.). FRTP pellets are not prepared for injection molding to avoid the additional damage to fibers and reduce the cost. The molding conditions are as follows:
Screw rotational speed: 50 rpm Shooting speed: 100 m/s Cylinder temperature: 170
Dumbbell type specimens are used whose gage length, width and thickness are 50, 45 and 3 mm, respectively. Tensile tests are conducted at a cross head speed of 5 mm/min. All tests are carried out under the laboratory condition. Figure 2 shows the distribution of fiber diameter before and after freezing fibers in the freezer. Although the observed diameters are widely plotted, we may say that freezing can appreciably reduce the fiber diameter for steam explosion fibers. On the other hand, freezing does not reduce the fiber diameter for fibers mechanically extracted whether they are thick or fine. Our goal is to obtain fine fibers whose diameter is smaller than 0.1 mm. However, the freezing method is not much effective to split bamboo fibers and reduce the fiber diameter.
Results and Discussion
1 Influence of freezing on fiber diameter
For steam explosion fibers, we have a chance to make them finer since they are still humid even after they have been kept in a conventional room for one week. Some moisture must be necessary to make splitting in a fiber bundle. However, mechanically crushed fibers generally absorb only 10% water in their weight. Such moisture is not sufficient to generate the enough driving force to split fibers during freezing. Figure 3 shows the scanning electron microscope (SEM) views of frozen and non-frozen bamboo fibers (fiber bundles). We found that no splitting occurs due to freezing even at cryogenic temperature as expected. However, we also found that the surface of frozen fibers became very smooth in comparison with the surface of nonfrozen fibers. Many soft cells were well removed. The interfacial strength between soft cells and fibers are weaker than the strength between fibers. Therefore, soft cells may reduce the tensile strength of FRTP using fibers on which soft cells still remain as long as the adhesive strength between polymer matrix and bamboo fibers is strong. If the above anxiety is true, soft cells sticking on bamboo fibers should be removed as much as possible. Figure 4 shows the relationship between fiber diameter and fiber strength, and its variation due to freezing for seven types of fibers. The fiber types are same as in Fig. 2 Variation of fiber diameter distribution before and after freezing sec. 3.1. There is quite a strength fluctuation for all fiber types. The observed tensile strength tends to be low as the fiber diameter increases like glass fibers. The possibility of inherent damage such as fiber breakage and fiber debonding in each fiber bundle increases as the bundle diameter increases. Such damage might be due to mechanical processing when extracting fibers whether fibers are mechanically extracted or extracted by the steam explosion method (the tensile strength of steam explosion fibers seems to be slightly higher than that of mechanically extracted fibers due to less mechanical treatment). No significant differences in strength variation with respect to fiber diameter are found between mechanically extracted fibers and steam explosion fibers. We confirm that freezing does not additionally give physical damage to bamboo fibers although the effect of freezing on reduction of fiber diameter is not significantly distinguishable. Figure 5 shows the comparison of strength of FRTPs using treated and untreated bamboo fibers (BFRTP) under extremely low temperature conditions. The nominal diameter of bamboo fibers used here is 125 -210 µm except one case, 40 -120 µm. The strength of FRTP using glass fibers (GFRTP) is also given in the figure for comparison. FRTP using thin bamboo fibers as small as 40 -120 µm in diameter (BFRTP-40/120) shows the highest strength almost equal to the strength of GFRTP, whose fiber content is about 10 wt%. The strength variation for BFRTP-40/120 is much smaller than that of GFRTP. BFRTP-40/120 may be used instead of GFRTP as one of semi-structural materials.
2 Microscopic view of bamboo fibers
3 Influence of freezing on fiber strength
4 Influence of freezing on the tensile strength of FRTP
When we consider the effect of freezing fibers on the mechanical properties of BFRTP, the present data disappoint us. Little improvement for the BFRTP strength can be distinguished due to freezing bamboo fibers. As before mentioned, freezing fibers has a function to remove soft cells sticking on the fiber. Such function due to freezing has made us to expect an increase of interfacial strength between PP matrix and bamboo fibers. Because the adhesion between soft cells and fiber surface is supposed to be weaker than the interfacial strength between polymer matrix and fibers. However, the tensile strengths of both BFRTP using frozen fibers in a freezer and liquid nitrogen are equal to the strength of BFRP using non-frozen fibers. This result indicates that an appropriate surface treatement is desired to assure the strong adhesion between PP matrix and bamboo fibers.
In addition, BFRTP using finer fibers without freezing process is significantly stronger than any other BFRTP using thicker fibers. If PP slightly modified with MAPP is used as the matrix, the tensile strength of BFRTP is little sensitive to an existence of soft cells on bamboo fiber surface rather than fiber diameter. BFRTP-40/120 is always stronger than the other BFRTP. The aspect ratios for 125 -210 µm fibers are about 10 -20 measured before injection molding while the ratios for 40 -120 µm fibers are 12 -16 fallen in a narrow band. 125 -210 µm fibers have a wider range of aspect ratio, but the mean aspect ratio for 125 -210 µm fibers is almost equal to that of 40 -120 µm fibers. The aspect ratio does not seem to dominate the tensile strength of BFRP. However, we must pay attention to the observed aspect ratio. Namely, they were measured before injection molding. Generally, finer fibers are easyer to survive without fiber breakage than thicker fibers during injection molding due to matrix shear. Then, the residual aspect ratio after injection molding must be greater for finer fibers than that for thicker fibers. Therefore, BFRTP-40/120 reinforced by fine bamboo fibers is always stronger than BFRTP reinforced by thick fibers whether bamboo fibers are thermally treated or not. For BFRTP, finer fibers are desired.
Conclusion
In order to split bamboo fiber bundles and obtain finer fibers, we tried freezing fibers in a freezer and liquid nitrogen. We also examined the tensile strength of FRTP using untreated and thermally treated bamboo fibers. From the experimental results, we found that freezing fibers did not cause splitting in fiber bundles, but it can slightly reduce the fiber diameter for steam explosion fibers. Freezing fibers did not reduce the fiber diameter for fibers mechanically extracted. The freezing method is not much effective to reduce the fiber diameter, but it is effective to remove soft sells sticking on the surface of bamboo fibers. The strength of PP based FRTP reinforced by bamboo fibers is sensitive to fiber diameter. Fine bamboo fibers are desired to reinforce thermoplastics. When the fiber diameter is finer than 120 µm, bamboo fibers are expected to replace glass fibers as reinforcement for thermoplastics.
